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The understanding of the transport of suprathermal ions in the presence of turbulence is important for fusion
plasmas in the burning regime that will characterize reactors, and for space plasmas to understand the physics
of particle acceleration. Here, three-dimensional measurements of a suprathermal ion beam in the toroidal
plasma device TORPEX are presented. These measurements demonstrate, in a turbulent plasma, the existence of
subdiffusive and superdiffusive transport of suprathermal ions, depending on their energy. This result stems from
the unprecedented combination of uniquely resolved measurements and first-principles numerical simulations
that reveal the mechanisms responsible for the nondiffusive transport. The transport regime is determined by the
interaction of the suprathermal ion orbits with the turbulent plasma dynamics, and is strongly affected by the
ratio of the suprathermal ion energy to the background plasma temperature.
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Diffusion of tracers in a neutral fluid was observed by
Brown and explained through collisional theory by Ein-
stein and Smoluchowski [1,2]. Classical diffusive transport,
originating from scale-fixed random walks with a typical
step size, , and a typical waiting time between steps, τ ,
leads to a linear scaling of the mean-squared displacement
with time and a diffusion coefficient given by 2/τ . In
many complex systems such as fusion and space plasmas
[3], scale lengths or time scales are not well defined, thus
transport cannot be modeled as a classical diffusive process.
Generalizations of the classical diffusion model, such as Le´vy
walks [4–6] or fractional Le´vy motion [7], allow introducing
power-law distributions of the step sizes or waiting times and
long-range temporal correlations, introducing a non-Gaussian
and non-Markovian character. These generalizations result
in nondiffusive transport characterized by a mean-squared
displacement (variance of displacement) of an ensemble
of individuals that does not necessarily scale linearly with
time: 〈(r(t) − r(0))2〉 ∝ tγ , with γ = 1 generally, where r(t)
represents the positions of individuals and 〈·〉 indicates the
ensemble average. When γ > 1 or γ < 1, the transport is
called superdiffusive or subdiffusive, respectively. For the
special case of classical diffusion γ = 1.
Using time-resolved measurements we have recently shown
that suprathermal ions are more sensitive to the intermittent
turbulent structures in the basic plasma device TORPEX when
their energy is smaller [8]. In this Rapid Communication,
we present measurements of suprathermal ion transport in
TORPEX carried out in three spatial dimensions and with
varying input energies. We show that, as the ion energy is
increased, the transport varies from subdiffusive to superdif-
fusive as predicted by numerical simulations.
Although earlier experimental and numerical studies sug-
gest that the transport of suprathermal ions in fusion devices
and astrophysical plasmas is generally nondiffusive [9–12],
*alexandre.bovet@epfl.ch
direct measurements of suprathermal ion transport in these
environments are limited by the high temperature of the former
and the difficulty to access the latter. In addition, detailed
knowledge of the turbulence characteristics and of the back-
ground plasma is necessary to realistically model the transport
of suprathermal ions. These difficulties are overcome in basic
plasma devices thanks to easy diagnostic access and well
characterized plasma scenarios. For example, experimental
evidence of nondiffusive transport regimes for single energy
suprathermal ions in electrostatic waves was measured in a
linear basic plasma device [13]. Together with experimentally
validated numerical simulations of the turbulent plasma state,
the basic toroidal plasma device TORPEX [14] provides an
ideal framework to assess fundamental mechanisms of the
interaction between suprathermal ions and plasma turbulence
leading to nondiffusive transport. The curvature and gradient
of the magnetic field, due to the toroidal configuration,
generate drifts of the suprathermal ions and a turbulence that is
dominated by intermittent field-elongated structures, features
that are also observed in tokamak plasmas.
TORPEX is a simple magnetized torus [14] with a major
radius R = 1 m and a minor radius a = 0.2 m (Fig. 1).
Helical magnetic field lines are created by a toroidal magnetic
field, Bt  75 mT, combined with a weaker vertical magnetic
field Bv  2 mT. A stationary hydrogen plasma is produced
and sustained on the inboard (high field side) of the vessel
by injecting microwaves in the electron cyclotron range of
frequencies. Electron temperature and density are typically
Te  1 − 6 eV, ne  1015–1016 m−3. TORPEX plasmas are
characterized by the presence of ideal-interchange modes
(with a perpendicular wave number, k  35 rad m−1, and
wave number parallel to the magnetic field, k‖  0) driven
by the magnetic curvature and the pressure gradient [15],
generated on the high field side of the vessel. Field-aligned
structures termed “blobs” are intermittently generated from
the interchange mode and propagate radially outward [16,17].
The experimental setup for the production and detection of
suprathermal ions, shown in Fig. 1, was specifically designed
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FIG. 1. (Color) View of the TORPEX vessel with magnetic field
line and suprathermal ion detection system. TORPEX contains
open, helical magnetic field lines (violet) with a radial gradient
in field strength that terminate on the vessel. Also shown are the
suprathermal ion source on a toroidal sliding track and one detector
mounted on a two-dimensional movable system that can also be
displaced toroidally. This combination allows measurement of a
three-dimensional suprathermal ion current profile. Computed exam-
ples of simulated suprathermal ion trajectories with an initial energy
of 30 eV are shown in red, emitting from the source. Gyromotion
and the irregular spreading of the ion beam due to interaction with
the plasma turbulence is apparent. Simulated snapshots of the plasma
potential are also displayed at two toroidal positions.
to investigate the suprathermal ion transport properties in a
turbulent interchange-mode plasma by measuring the beam
spreading. Suprathermal ions are injected in the blob region
using a miniaturized lithium 6+ ion source and detected using
gridded energy analyzers [18,19]. The source is mounted on a
system, enclosed in the vessel, which can move continuously
in the toroidal direction. At the injection position, the time-
averaged electron temperature measured by a triple probe is
Te  1.3 eV [20]. Two detectors capable of moving across
almost the entire cross section are installed at different toroidal
distances along the suprathermal ion beam. Synchronous
detection of the beam is used to improve the signal to noise
ratio [19]. Classical collisions with the background plasma
are negligible as the slowing-down time of the suprathermal
ions due to collisions (τsd  10 ms) is much larger than
their time of flight before detection (τtf  50 μs). This setup
allows measurements of the time-averaged three-dimensional
profile of the suprathermal ion beam as it interacts with the
plasma turbulence [19]. In the absence of a plasma, the motion
of suprathermal ions in TORPEX is a combination of the
gyromotion along the magnetic field lines at the cyclotron
frequency, ffi  188 KHz, and the upward drift due to the
curvature and gradient of the magnetic field. A small spreading
in the initial parameters creates a small spreading of the
ion Larmor radii and a small initial phase difference in the
gyromotion among the ions. This induces an oscillation of
the beam width at the cyclotron frequency [18,21]. Figure 2
shows time-averaged suprathermal ion current profiles in the
presence of plasma, measured at different toroidal locations
for two different energies, E = 30 eV and E = 70 eV. On top
of the unperturbed motion, broadening due to the interaction
with the plasma turbulence is revealed.
The experimental measurements are compared and ana-
lyzed with results from numerical simulations with the help
of a synthetic diagnostic reproducing the suprathermal ion
FIG. 2. (Color) Poloidal suprathermal ion current profiles at
different toroidal distances [(a), (d) d = 0.2 m; (b), (e) d = 0.6 m; (c),
(f) d = 2.2 m]. Top: E = 70 eV; bottom: E = 30 eV. The vertical drift
due to the curvature and gradient of the magnetic field is apparent.
The spreading due to the interaction with the turbulent plasmas is
revealed and is more important for 30 eV ions. Ion current is stated
in A/m2.
current profile measured with the detectors [19]. In order to
identify the transport regime, the radial transport exponent,
γR , should be computed from the temporal evolution of
the variance of the displacement of the suprathermal ions.
However, the experimental data is time averaged and the
radial spreading of the ions is only accessible as a function
of the toroidal distance. Due to the small spreading in the
initial injection parameters, the suprathermal ions have slightly
different toroidal velocities and there is no unique relation
between their time of flight and their toroidal position. For
this reason, numerical simulations are necessary to compute
the transport exponent. A large number of tracers (1.6×105)
are injected in first-principles global fluid simulations of
TORPEX turbulence [22] that were previously validated
against experimental data [23]. Their trajectories are computed
using the Newton equation of motion [24].
The comparison between the measured and simulated
evolution of the beam width as a function of the toroidal
distance is shown in Fig. 3 for the two energies. The radial
beam width is computed as the standard deviation of the
suprathermal ion current radial profiles. Close to the source,
the profiles have a comparable width for the two energies
[also shown in Figs. 2(a) and 2(b)]. As the distance from the
source is increased, the radial width of the 30 eV ion beam
is observed to grow much faster than that of the 70 eV ions.
This indicates that the interaction with the plasma turbulence
results in a larger spreading for ions with lower energy. A
good agreement between the experiments and the simulations
is apparent. The toroidal distance between the source and the
detector is computed with 1 cm precision. Statistical error
arising from the averaging of the radial standard deviation
over the entire profile are also taken into account in the error
bars [19].
Figure 4 shows examples of simulated suprathermal ion
trajectories on top of a snapshot of the simulated turbulent
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FIG. 3. (Color) Radial width of suprathermal ion current profiles
as a function of toroidal distance traveled. Red squares and blue
circles represent experimental measurements for ions emitted at 30
and 70 eV, respectively. Continuous bands are drawn from a synthetic
diagnostic of numerical simulations for 30 eV (red) and 70 eV (blue)
ions [19]. The beam width oscillates due to the gyromotion of the ions.
A slight discrepancy between measurements and simulations in the
phase and amplitude of these oscillations is visible. This comes from
the fact that they depend on the injection angle and energy, which
can slightly vary from one measurement to the other. The width
of the bands is obtained by varying the simulations input parameters
within experimental uncertainties. On top of this oscillation, the beam
spreads due to the interaction of the ions with the turbulence. The
different trends of the spreading indicate different transport regimes.
The ballistic phase, lasting approximately one gyroperiod (first three
measurements), is in good agreement with the simulations for both
energies. Then, the 30 eV ion beam spreads strongly until a toroidal
distance of 1 m. The accumulated spreading of the 70 eV ion beam
is less than the 30 eV beam. Error bars are computed by modeling
the measurement with a finite size detector inlet (4 mm radius) and
2 mm absolute positioning accuracy.
plasma potential, revealing the interplay between the size
of the gyro-orbits and that of the turbulent structures. Ions
having a smaller initial energy (in red in Fig. 4) have smaller
Larmor radii and are more sensitive to turbulent E×B drifts
due to the intermittent plasma structures, which can give
rise to large radial steps. The numerical simulations show
that the step sizes are distributed according to power laws
that cannot be associated with a well-defined characteristic
length [6,7]. In this case, the transport can be described
by a non-Gaussian propagator having heavy tails (a Le´vy
stable distribution) [7], and is superdiffusive [25,26]. As the
energy of the suprathermal ions is increased, their Larmor
radii increase (in blue in Fig. 4). When the size of the orbits
becomes comparable to the characteristic dimension of the
turbulent structures, the suprathermal ions effectively average
the turbulent E×B drifts as they perform their gyromotion.
Owing to their larger energy, they also experience a faster
vertical drift than 30 eV ions, which makes them cross
turbulent structures more rapidly in the vertical direction
than in the radial direction. Since the turbulence is periodic
in the vertical direction, the guiding centers of 70 eV ions
often undergo a leftward displacement immediately followed
by a rightward displacement, which averages towards zero
FIG. 4. (Color) Simulated suprathermal ion trajectories projected
on the poloidal plane of TORPEX. Ions with an initial energy of
30 eV (in red) have a smaller Larmor radius and are transported
by the plasma turbulence. Ions with an initial energy of 70 eV (in
blue) have larger Larmor radii and larger vertical drifts. They average
the turbulent fluctuations during their gyromotion, which effectively
reduces their radial transport. As they drift upward, 70 eV ions
perform consecutive steps in opposite radial direction. A snapshot
of the simulated plasma potential, displayed in the background,
shows the interchange mode positioned approximately at r = −12 cm
with a vertical wavelength λ  18 cm and the turbulent structures
propagating toward the low field side.
amplitude during the trajectory. This anticorrelated radial
motion is at the origin of subdiffusive transport [7,26,27].
Time-resolved measurements in the interaction phase reveal
a clear difference between the intermittency level of the
suprathermal ion current time traces of the 30 and the
70 eV ions [8]. Superdiffusive ions show a high degree of
intermittency, while subdiffusive ones do not, consistently with
the picture of a transport governed by heavy-tailed statistics in
the former and not in the latter [7]. Conditionally averaged
measurements confirm that the intermittency is due to the
interaction with the blobs and that the effect of blobs is larger
on 30 eV ions than on 70 eV ions [8].
To compute the value of the radial transport exponent, γR ,
the evolution of the variance of the ion radial displacements
as a function of time, σ 2R(t), is computed from the numerical
simulations reproducing the experimental conditions (Fig. 5).
At first, the transport of the ions is ballistic [σ 2R(t) ∝ t2],
during a phase lasting approximately one gyroperiod. In this
short initial phase the ions have not yet interacted with the
plasma and are not yet magnetized [24,28]. The ions enter
a second spreading phase as they start to interact with the
plasma turbulence. In this phase, different transport regimes
are observed, according to the energy of the ions and the
character of the turbulence. A numerical study showed that in
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FIG. 5. (Color) Variance of the ion radial positions as a function
of time. Results obtained from the numerical simulations reproducing
the experimental data in Fig. 3, for ions at 30 eV (red) and 70 eV
(blue). Fits of the different phases, shown in dashed lines, provide the
values of the transport exponent γR . A slope corresponding to γR = 2
is shown next to the initial ballistic phase. For ions of 30 eV, the
transport is then superdiffusive with a transport exponent γR  1.20
during approximately four gyromotions and finally close to a diffusive
process withγR  0.92. For ions of 70 eV, the transport is subdiffusive
with γR  0.51. Time is normalized to the ions gyroperiod.
this interaction phase the transport can vary from a subdiffusive
to superdiffusive regime depending on two parameters that
determine the relative sizes of the ion orbits and the turbulent
structures [6,7,24,27]: the injection energy normalized to the
electron temperature, E/Te, and the normalized fluctuations
amplitude, e ˜φ/Te. Fitting the temporal evolution of σ 2R (Fig. 5)
to power laws provides the values of the transport exponents
in the different phases. Local maxima of σ 2R(t) during the
gyromotion are fitted with the equation σ 2R(t) − σ 2R(t0) ∝
(t − t0)γR , where t0 is chosen as the first maximum of each
phase. Maxima are chosen since they correspond to the points
of the gyromotion that are least affected by orbit effects.
This procedure is applied to each simulation used to draw
the bands in Fig. 3, and the average is computed for each
phase. In the interaction phase, an exponent γR = 0.51 ± 0.01
is found for ions of 70 eV (E/Te  54) and γR = 1.20 ± 0.04
for ions of 30 eV (E/Te  23), indicating that the transport
varies from subdiffusive to superdiffusive as the energy of the
ions is decreased. For ions of 30 eV, after the superdiffusive
phase, a phase where the transport is close to diffusive
(γR = 0.92 ± 0.04) is visible in Fig. 3 after approximately
1 m and in Fig. 5 after six gyroperiods. This phase appears
when the size of the beam becomes sufficiently large that
ions sample regions of the plasma with a different fluctuation
amplitude, originating an average transport close to diffusive
[27].
We estimate the relative importance of gyroaveraging and
drift averaging from the numerical simulations. The conditions
identified in the numerical investigations [24,27], for the
TABLE I. Energy E, radial transport exponent in the interaction
phase γR , Larmor radii ρL, ratio of the Larmor orbit diameter to
the vertical extend of the blobs, ratio of the vertical to the radial
velocity, and ratio of the time required to cross a blob radially to
the time required to cross it vertically. All the values are computed
from the simulations as the average over all particles and over
time. The uncertainties are given by the standard deviation of value
distribution for all particles. The Larmor radius is computed from the
perpendicular velocity. The vertical velocity is given by the average
of the guiding center vertical velocities. The radial velocity is given
by the standard deviation of the guiding center radial velocities, since
the averaged radial velocity is almost equal to zero.
E (eV) γR ρL (cm) 2ρL/Lz vz/vR τR/τZ
70 0.51 ± 0.01 0.8 ± 0.2 0.6 5.5 ± 0.8 7
30 1.20 ± 0.04 0.5 ± 0.1 0.3 1.5 ± 0.5 2
gyroaveraging and drift averaging to become effective are
2ρL
Lz
= 2kρL > 4 (1)
and
τR
τZ
> 5, (2)
where, respectively, ρL is the Larmor radius, Lz  1/k 
2.9 cm is an estimate of the blob vertical extent [27],
LR 
√
Lp/k  3.8 cm is an estimate of the blob radial
width [29], and τR and τZ are the times required for the
ions to move radially and vertically across the blobs [27].
Table I shows the Larmor radii, the ratio of the vertical to
the radial velocity of the ions, and the parameters indicating
the importance of gyroaveraging [Eq. (1)] and drift-averaging
[Eq. (2)] for the two injection energies. Both ratios are larger
for the 70 eV case than for the 30 eV case indicating the
role of these mechanisms in the reduction of the transport for
the 70 eV case. The drift-averaging condition of Eq. (2) is
satisfied for the 70 eV case revealing the predominant role
of the drift-averaging mechanism for 70 eV ions. On the
other hand, the gyroaveraging condition [Eq. (1)] is satisfied
in neither case. While the estimate of the vertical size of
blobs given by Lz is in agreement with the value observed
in the experiment using conditional sampling [30], it does
not take into account the complex structures that constitute
a blob. Seeded blob simulations show that, depending on
their size, blobs are subject to secondary instabilities [31,32],
such as Kelvin-Helmholtz or Rayleigh-Taylor instabilities,
that develop in complex shapes with smaller scales than
the blob size. These fine structures are not resolved by the
conditionally averaged measurements [8,16,17,30]. Moreover,
different blob sizes are present in TORPEX [16]. The smallest
ones are not detected, due to the insufficient resolution of
the measurements. The gyroaveraging condition, Eq. (1), is
therefore too strict to account for this complexity. As a matter
of fact, as the ion Larmor radii increase, the suprathermal
ions gradually gyroaverage fine structures and small blobs,
resulting in a reduced transport. The transition from the
superdiffusive regime to the subdiffusive one is continuous
as the energy of the ions, and consequently their Larmor radii,
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increase. Nevertheless, a thorough investigation of the blob
size and fine structures in TORPEX is still needed to fully
characterize the effect of gyroaveraging.
In summary, we have shown experimental measurements
of suprathermal ion transport in a turbulent magnetized
plasma in agreement with validated numerical simulations
for two different ion energies. The transport of these ions
is shown to be consistent with the nondiffusive transport
theory that successfully describes the simulations. At first,
during approximately one gyroperiod, the transport is ballistic.
After this, the spreading of the beam strongly depends
on injection energy. Numerical simulations agreeing with
these measurements determine the radial transport exponents
γR and reveal the basic physical mechanisms leading to
super- or subdiffusive behavior. Suprathermal ions with the
lower energy follow Le´vy-type (non-Gaussian) superdiffusive
transport trajectories as they are transported by the turbulent
structures. In the same turbulent plasma, suprathermal ions
with higher energies average the turbulent electric field more
effectively as larger gyroradii and faster vertical drift lead
together to anticorrelated, non-Markovian, subdiffusive trans-
port. The time-resolved measurements previously presented
in [8] revealed the different effect of blobs on 30 and 70 eV
ions, creating a strong difference in the intermittency of
the suprathermal ion current. These measurements are in
agreement with the different transport regimes discovered
here. This work thus demonstrates that the transport of
suprathermal ions in turbulent plasmas can exhibit various
nondiffusive regimes.
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